Ligand homogeneity is an important issue in affinity chromatography. Using phages expressing peptides on the pIII protein, a heterogeneity in the binding of monoclonal phages was observed during affinity chromatography on supermacroporous cryogels. Fractions with different apparent binding affinities could be separated by stepwise elution. When these different fractions were re-applied, the respective differences in affinity were retained. However, when phage fractions with different apparent affinities were first amplified, an offspring was generated with again variable affinities. As the sequence of the peptide insert was the same, the heterogeneity must be ascribed to differences in avidity and although no direct evidence could be generated, we hypothesize that this is possibly due to phages displaying different numbers of the same peptide as a consequence of either proteolytic or packaging events during the amplification step in Escherichia coli.
Introduction
Chromatographic separation of particulate matter such as cells, organelles and virus particles has been a challenge for a long time since the particles have caused clogging of the chromatographic columns with the materials getting stuck on the columns. However, with the introduction of supermacroporous chromatographic gels, new possibilities appear to address these separation challenges.
In previous studies a fast selection of specific high-affinity phages was successfully demonstrated by passing a peptide displaying phage library over a supermacroporous column with immobilized target molecules (Noppe et al., 2009 ). However, after infecting Escherichia coli cells with the trapped phages and isolating individual clones, it became obvious that these phages had heterogeneous affinities, as they were eluting at different salt strengths. In the current study, we intended to elucidate the reason for this. The concerns were then whether the heterogeneous elution behaviour was obtained from a 'presumed monoclonal' population carrying a different number of peptides or consisted of more than one type of phage carrying different peptides. Surprisingly, when an eluted salt fraction from a presumed monoclonal phage population, used for infecting E.coli and amplification, was re-applied to the affinity column, phages with different apparent affinities were obtained as observed before.
Materials and methods

Phage display libraries
Both the linear 6-mer and the cyclic 6-mer peptide library are multivalent type 3 phage display libraries.
Cryogel monoliths
The epoxy-activated cryogels were produced and provided by Protista Biotechnology AB (Lund, Sweden).
Ligand coupling
The ligand, human lactoferrin (HuLF), was coupled to the epoxy-activated cryogels as described earlier (Noppe et al., 2009) . Briefly, HuLF was coupled in carbonate buffer pH 9.5 by re-circulation over the column. After washing to remove non-coupled HuLF, remaining active groups on the column were blocked with ethanolamine and finally the column was extensively washed with water and stored at 48C before use. All buffers used were passed through a 0.22 mm filter and subsequently autoclaved.
Column format
The cryogel with immobilized HuLF was integrated in a fast protein liquid chromatography system, equipped with an LCC-501 plus controller and a conductivity monitor (GE Healthcare, Uppsala, Sweden). Before chromatography the whole set-up ( pumps, valves, sample loop, tubings, etc.) was washed with 70% ethanol, sterile water and sterile buffers to create sterile conditions. All buffers used were passed through a 0.22 mm filter and autoclaved. The column was equilibrated with 150 mM NaCl in phosphate buffer (PB) pH ¼ 7.5 (0.2 g/l KCl, 0.2 g/l KH 2 PO 4 , 2.31 g/l Na 2 HPO 4 12aq) at 0.5 ml/min. Two milliliter phage suspension containing 5.10 10 phages/ml was applied to the column at 0.5 ml/min.
Linear gradient elution. After loading the phage suspension, the column was washed with 25 ml of 150 mM NaCl in PB at 0.5 ml/min followed by a 35 ml linear gradient from 150 to 750 mM NaCl in PB at 1 ml/min and finally a wash step of 1.5 M NaCl in PB and re-equilibration in 150 mM NaCl in PB. Fractions of 1 ml were collected in sterile microtubes. The fractions were stored at 2208C until analysis.
Stepwise elution. After loading the phage suspension, the column was washed with 25 ml 150 mM NaCl in PB at 0.5 ml/min followed by two step changes of NaCl in PB, respectively, 250 mM and 500 mM NaCl at 1 ml/min and finally a wash step of 1.5 M NaCl in PB and equilibration in 150 mM NaCl in PB. Fractions of 1 ml were collected in sterile microtubes. The fractions were stored at 2208C until analysis.
Well format
All buffers used were passed through a 0.22 mm filter and autoclaved. The wells of a sterile 24-well plate (Greiner Bio-one, Wemmel, Belgium) were coated with 200 ml HuLF at 10 mg/ml in PB buffer and incubated for 2 h at room temperature (RT) on a rocking table, followed by incubation overnight at 48C. After removing the coating fluid, the wells were washed with 1 ml PB and post-coated with 1.5 ml 4% (wt/vol) solution of milk powder in PB for at least 2 h at RT followed by a washing step with 1 ml PB. For use in the well format, the single-phage clone L selected from a cyclic 6-mer phage peptide library (Noppe et al., 2004) was used.
In each well 150 ml phage suspension at 5.10 10 phages/ml in 0.1% (wt/vol) solution of milk powder in PB was added and incubated for 30 min at RT on a rocking table. After incubation the wells were washed with 3 Â 1 ml PB. Elution was done by, respectively, 200 ml 0.25 M NaCl and 0.5 M NaCl in PB (first elution cycle). The fractions from the 0.25 M and 0.5 M eluates from all wells were pooled separately and the two fractions were dialysed versus PB and concentrated on a Vivaspin15 concentrator MWCO 10 kDa (Vivascience, Hannover, Germany) to a final volume of 400 ml. Both concentrated fractions (150 ml/well) were incubated on a new sterile 24-well plate (two wells/fraction) coated with 10 mg/ ml HuLF in PB. The elution procedure as described above was repeated (second elution cycle). Thus, four fractions were obtained (Fig. 4) . The four fractions were subsequently used for infection of TG1 E.coli cells and finally plated on tetracycline containing agar plates. After overnight incubation at 378C, the grown colonies were counted. The well format experiment was done in triplicate.
Phage enzyme-linked immunosorbent assay
The wells of a Microlon enzyme-linked immunosorbent assay (ELISA) plate (Greiner Bio-one) were coated with 100 ml of 5 mg/ml mouse anti-M13 monoclonal antibody (GE Healthcare) in phosphate buffer saline (PBS) overnight at 48C. After washing with PBS-0.2% Tween20 (wt/vol) (TPBS20), the wells were post-coated with a 4% (wt/vol) solution of milk powder in PBS for at least 2 h at RT. After washing, 50 ml 0.8% solution of milk powder in PBS and 50 ml column fraction were added to the wells and incubated for 2 h at RT. After extensive washing with TPBS20, horse radish peroxidase (HRP)/anti-M13 monoclonal conjugate (GE Healthcare; 1/2500 in 0.4% milk powder in PBS) was added and incubated for 1.5 h at RT. After extensive washing, O-phenylenediamine hydrochloride and hydrogen peroxide solution was added. The reaction was stopped by adding 4M sulphuric acid and the absorbance was measured at 490 nm using a BIO-Tek ELISA reader (Bio-Tek Instruments, Winooski, VT, USA).
Reversed phage ELISA
To determine a change in the binding affinity of phages due to possible proteolysis during purification or storage, a purified phage batch was incubated at RT for several days. Phage samples taken at different time intervals during this incubation period were then subjected to an ELISA format.
The wells of a Microlon ELISA plate (Greiner Bio-one) were coated with 100 ml of phage solution taken at different time at 1.10 12 phages/ml and incubated overnight at 48C. After washing with TPBS20, the wells were post-coated with a 4% (wt/vol) solution of milk powder in PBS for at least 2 h at RT. After washing, a dilution series of HuLF was incubated for 2 h at RT. After extensive washing with TPBS20, Goat anti-HuLF-HRP (1/5000 in 0.4% milk powder in PBS) was added and incubated for 1 h at RT. After extensive washing, O-phenylenediamine hydrochloride and hydrogen peroxide solution was added. The reaction was stopped by adding 4M sulphuric acid and the absorbance was measured at 490 nm using a BIO-Tek ELISA reader (Bio-Tek Instruments).
Dot blotting
In a Minifold dot/slot system (Whatman, Maidstone, UK), a Hybond-C Extra membrane (GE Healthcare) was mounted. An aliquot of each column fraction was added (100 ml/well) and subsequently washed with 100 ml PBS buffer under vacuum suction. The semi-dry membrane was post-coated with 4% (wt/vol) milk powder in PBS for at least 2 h at RT on a rotator, followed by overnight incubation at 48C. After brief washing with PBS-0.05% Tween80 (TPBS80), the membrane was incubated with HRP/anti-M13 monoclonal conjugate (1/2500 in 0.4% (wt/vol) solution of milk powder in PBS) for 2 h on a rotator at RT. The membrane was extensively washed (10 Â 2 min) with TPBS80. After washing, the membrane was incubated for 5 min in Enhanced ChemiLuminiscent (ECL)-Plus Western blotting detection reagents (2 ml ECL substrate þ 50 ml acridan solution in dioxane/ethanol; GE Healthcare) according to the manufacturer's protocol, mounted on an Amersham Hyperfilm ECL (GE Healthcare), illuminated and processed in the dark room.
DNA Sequencing of phage DNA
Polymerase chain reaction (PCR) of the phage fractions was performed directly on bacterial colonies as described previously (Fack et al., 2000) with minor modifications. The insert of ligand binding phages was amplified using primers F1 (sense primer, 5'-TCGAAAGCAAGCTGATAAACC GATACA-3') and F2 (anti-sense primer, 5'-AGCATTCCAC AGACAGCCCTCATAGTT-3'). The PCR mix contained 200 mM dNTPs, 1.5 mM MgCl 2 , 0.4 mM of each primer, 2.5 U platinum Taq polymerase, 50 mM KCl and 20 mM Tris-HCl, pH ¼ 8.4. All components of the PCR mix were from Invitrogen (San Diego, CA, USA) except for the F1-F2 primer (Eurogentec, Seraing, Belgium). Cycling conditions were as follows: 1Â(958C for 3 min), 10Â(958C for15 s, 638C for 40 s and 728C for 45 s), 15Â(958C for 20 s, 6420.48C in each cycle for 25 s, 728C for 45 s), 1Â(728C for 8 min) and cooling to 128C.
The PCR products were subsequently analysed on a 1.5% agarose gel. The 299 bp fragment was further purified on a NucleoSpin Extract II column (Machery-Nagel, Düren, Germany) according to the manufacturer's protocol. The purified fragments were sent to GATC Biotech (Konstanz, Germany) for sequencing.
Flow cytometry
Phages were labelled for particle counting based on the protocol by Brussaard et al. (2009) . Briefly, 2 ml phage solution in 10 mM Tris-1 mM EDTA pH 8.0 was incubated with 20 ml SYBR Green (Invitrogen, San Diego, CA, USA; 20 000 fold dilution) for 10 min at 808C in the dark. After cooling, the samples were analysed in FACS (EPICS XL MCL Coulter, Analis, Belgium). Phage standards with different concentrations were prepared. Before labelling the phage concentrations were measured at 260 nm and calculated with a well-established formula (1 absorbance unit (AU) at 260 nm ¼ 6.66 Â 10 12 phages/ml). For accurate concentration calculations, the sample volume was also measured before and after FACS.
Results and discussion
Phage selection using the column format Linear gradient elution. A linear 6-mer peptide library was loaded on a HuLF-cryogel column, and after washing with PB buffer, a linear gradient of 0.15 -1.5 M NaCl in PB buffer was applied. The fractions were collected and analysed and as expected a broad elution pattern was obtained representing a variety of phages with different peptide inserts and corresponding different affinities (Fig. 1a) . Three fractions were pooled: fraction A (column fraction 32 -35), fraction B (column fraction 45-48) and fraction C (column fraction 60-63) eluting at, respectively, 160 mM NaCl, 425 mM NaCl and 700 mM NaCl corresponding to weak (A), moderate (B) and stronger (C) binding phages. From each fraction single-phage clones were isolated and re-amplified in E.coli TG1 cells. A single-phage clone from each fraction A (clone A2), B (clone M1) and C (clone K12) was re-chromatographed on the HuLF column using the same NaCl gradient as before. Since single-phage clones were used, it was expected that each clone would elute again at the respective NaCl concentration as observed in the earlier chromatographic run. Surprisingly, again a broad elution pattern was observed with every single-phage clone, very similar to the first overall elution pattern (Fig. 2) . A wild-type M13 phage and a phage clone (N5), expressing a peptide on pIII which has no affinity for the ligand as observed in ELISA (data not shown), were run on the HuLF-cryogel under similar conditions. Both the wild-type phage and the N5 phage clone elute in the wash fraction. No Fig. 1 . Affinity selection of peptide displaying phages that bind to HuLF. (a) The HuLF-cryogel was loaded with 2 ml solution containing 5.10 10 phages/ml from a linear 6-mer phage library. After washing with PBS buffer, a linear NaCl gradient of 0.15-0.75 M was applied (grey dotted line) followed by a wash step of 1.5 M NaCl. The column fractions were analysed by phage-ELISA as described in the section Materials and methods. The three fractions at indicated positions in the elution chromatogram were pooled, and are labelled as a, b and c, respectively. From each fraction single-phage clones were isolated for re-chromatography under the same column conditions. (b). Control experiment with wild-type M13 phages (full line) and phage clone N5 (dash line), expressing a peptide on pIII with no affinity to HuLF. The HuLF-cryogel was loaded with 2 ml solution containing 5.10 10 phages/ml and eluted as described in (a). Fig. 2 . Gradient re-chromatography of selected HuLF binding single-phage clones on a HuLF-cryogel column. Re-chromatography of single-phage clone A2 (fraction A), M1 (fraction B) and K12 (fraction C) was done on a HuLF-cryogel column. The column was loaded with 2 ml phage solution containing 5.10 10 phages/ml. After washing with PBS buffer, a linear NaCl gradient of 0.15-0.75 M was applied (grey dotted line) followed by a wash step of 1.5 M NaCl. The column fractions were analysed by phage-ELISA as described in the section Materials and methods. Clone A2 (dash line); clone M1 (full line); clone K12 (dash-dot) Apparent heterogeneity in the pIII-peptide fusion protein in single phage clones isolated from peptide libraries phages were present in the gradient fractions (Fig.1b) as detected by phage ELISA.
Stepwise elution. To further analyse the different phage fractions, we prepared larger populations by stepwise elutions. Single-phage clones A2 (fraction A), M1 (fraction B) and K12 (fraction C) were amplified and applied on a HuLF column and eluted with a two-step NaCl gradient: 0.25 and 0.5 M, followed by a 1.5 M NaCl washing step before re-equilibration. Thus, two different fractions of the singlephage clones were obtained (Fig. 3a) that was confirmed by dot blotting (Fig. 3b) . Similar results were obtained for clone A2 and M1 (data not shown). It is possible that by using more elution steps more positive fractions might be obtained, but due to phage detection limits a two-step elution was chosen. To determine whether the different fractions, i.e. the flow-through fractions, 0.25 and 0.50 M NaCl phage fractions have the same displayed 6-mer peptide insert, the inserts were sequenced and compared with the insert of the parental phage clone. All phage fractions contained the expected insert, identical to their respective original single-phage clone, i.e. EGGLLR for clone A2, RFPIKT for clone M1 and RPLNSL for clone K12.
Apart from some mentioning that the number of pIII proteins on the phage surface may vary (Endemann and Model, 1995; Liu et al., 1998; Deng and Perham, 2002; Bennett and Rakonjac, 2006) , it has been proposed by several authors (Rasched and Oberer, 1986; Lowman, 1997; Rakonjac and Model, 1998; Azzazy and Highsmith, 2002; Baek et al., 2002; Willats, 2002) that not all five pIII proteins are present as a fusion protein with the expressed peptide, since during assembly and export of the newborn phages through the periplasmic space of the E.coli some of the phage proteins may become cleaved by proteolytic activity. Both mechanisms are expected to result in the generation of a heterogeneous mixture of phages with a different number of peptides displayed on the phage surface. Such heterogeneity clearly would influence the binding avidity of the phages for their target and finally result in the broad column elution pattern observed. Furthermore, both mechanisms proposed imply that the heterogeneity would be the result of the infection2 amplification2production process of the phages by the E.coli. As indeed the TG1-E.coli strain used is not a protease deficient strain, such proteolytic degradation of the pIII fusion protein could have occurred during phage release from the cell. To further identify the role of the amplification step in the heterogeneity induction, the same fractionated phages were re-applied to the column, without amplification in E.coli. However, to overcome the low capacity of the HuLF-cryogel column and the low detection limit for phages, phage selection needed to be up-scaled, and for this we repeated the selection in a well format.
Phage selection using the well format A well format was designed to obtain higher phage concentrations needed for higher detection limits. Cryogel in its standard configuration is a macroporous structure with pores up to 100 mm, due to these big pores the surface area in the cryogel is rather low and so the amount of coupling sites is also lower as compared with what is found in conventional chromatographic resins. This fact, combined with the morphological property of the filamentous M13 phage ( 1 mm long), makes a low binding capacity not surprising. However, this feature is not always a disadvantage as e.g. for panning experiments. For re-chromatography of eluted fractions, however, this is a disadvantage as observed in the chromatographic format as we did not want to include an infection step in E.coli for amplification of phages. Infection in E.coli would again result in a heterogeneous population. After the first elution cycle, the concentrations of the phages were not high enough for re-chromatography and detection.
Clone L phages, previously selected from a cyclic 6-mer phage library (Noppe et al., 2004) , were bound to HuLF coated to all wells of a 24-well plate and treated according to the elution scheme as outlined in Fig. 4 . Finally, the four elution fractions were used for infection of TG1-E.coli cells as a means to determine phage numbers.
After infection, the cells were grown on agar plates containing tetracycline and incubated overnight at 378C. The next morning grown colonies were counted as an indication of phage titers. It should be clear that the final amplification-counting step (Fig. 4) . is solely needed for the final counting of number of output phages obtained in the different elution fractions. As can be seen on Fig. 5 , the heterogeneity in the phage clones was lost to a large extent: indeed when the 0.25 M NaCl fraction from the first elution cycle, was re-applied, the vast majority eluted again at 0.25 M NaCl and only a small amount at 0.50 M, and vice versa for the 0.50 M phages. Finally, sequencing revealed that all phage fractions contained the parental DQVAKG peptide insert, proving again that there is a single-phage clone that shows different affinities for its ligand.
Furthermore, another and more direct method for counting phage particles in the different elution fractions was tried by using flow cytometry. As described in the section Materials and methods, we based our experiment on the method developed by Brussaard (2009) . Despite the simple approach of the method, the results from the standard samples obtained by FACS did not correlate with the results obtained via absorbance measurements. The FACS results were inferior to the results after absorbance measurements at 260 nm, which is an established method for determining the phage concentration (1AU ¼ 6.66 Â 10 12 phages/ml). As all phages might not be labelled in the same way, the concentration cannot be correctly measured. Also in the original description, the procedure was used for labelling virus genomes between 48.5 and 300 kb, whereas the genome of the M13 phage is only 6.4 kb. Indeed, Brussaard et al. (2000) stated that fluorescence signals of small genomes were found at the limit of detection in FACS and furthermore the procedure might not be optimal for all types of phages depending on different factors e.g. morphology, genome, size. M13 phages are filamentous with dimensions of +1 mm to +6 nm. Probably due to this morphological property, FACS might not be so useful for counting filamentous phage particles for concentration determination. Finally, to the best of our knowledge, we are not aware of any paper specifically describing the use of FACS for concentration determination of filamentous phage particles.
An attempt to set up a scatchard plot to receive more information concerning the binding affinity of the different fractions obtained from the well experiment equally was not successful. Even after scaling-up the experiment, not enough phages could be obtained. As the amount of the phages in the different fractions was so low, a correct concentration of the phages could be measured neither by FACS nor by absorbance measurement, precluding the set-up of a scatchard plot as the total, free and bound phage concentration could not be determined reliably. Obtaining higher phage concentrations by infecting E.coli and amplification was in this perspective also not an option as the phages after infection would be heterogeneous again.
Phage proteolysis
The apparent phage heterogeneity might be caused by proteolysis. As already mentioned above, it was suggested that proteolysis of the peptide insert takes place in the periplasmic space of the E.coli during assembly and export of the Apparent heterogeneity in the pIII-peptide fusion protein in single phage clones isolated from peptide libraries newborn phages. Another possibility is that proteolysis occurs during storage. To exclude this option, we analysed phages kept for up to 18 days at RT as described in section Material and methods. As can be seen on Fig. 6 , no change in apparent binding affinity was seen excluding proteolysis during the purification and later storage of the phages at 2208C, as the main cause of the differences observed.
Conclusions
Based on the above experiments, it is clear that differences in affinity are present among the different phages derived from a single-phage clone, and that these differences are inherent to the production step in E. coli that is used for phage amplification. As the sequence of the DNA inserts, coding for the displayed peptides, is the same, the difference in affinity likely is not due to mutations, but rather due to differences in the number of peptides displayed on the phage surface, or thus differences in avidity. One hypothesis is that phages might have different numbers of the pIII protein incorporated, indeed it is generally assumed that five copies of pIII are present; however, some reports mention a variable number between three and five. If so, then the avidity variability is an inherent feature of the packaging of the proteins during phage assembly. Another option, as has been proposed earlier, is proteolysis. We believe that protease activity might occur in the periplasmic space of the E.coli cells during the assembly of newborn phages with removal of the peptide containing part of the pIII protein, again resulting in a variable number of peptides displayed. No additional proteolysis of the pIII protein or peptide insert after purification or during storage (2208C) could be observed by Western blot (data not shown) and reversed phage ELISA. However, so far, further attempts to distinguish between these two possibilities by using e.g. mass spectrometric analysis have not been successful. If difference in valency is the reason for the variability, this could be eventually overcome by using of a protease deficient E. coli; however, to the best of our knowledge such proteasedeficient E.coli-F þ strain unfortunately does not exist. Nevertheless, for most of the phage applications, where mainly 'binders' are looked for, this observed variability is of minor importance. However, since, due to the observed heterogeneity within the same phage clone, the binding strength with the ligand of interest may vary from batch to batch; this should certainly be taken into account when phages displaying peptides, proteins or scFv fragments are themselves used directly as affinity ligands or as alternatives for antibodies.
